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Abstract: An [VHS (Intelligent Vehicle Highway Svstem)
information management system obtains information
from road sensors, city maps and event schedules, and
generates information to drivers, raffic controllers and
researchers. We extend the relational database to model
traffic information in a relational database by abstract
data rypes and triggers. Abstract data rypes are needed
for efficient modeling of spatial and temporal informa-
tion, which create inefficiencies in traditional databases.
We use monotonic continuous functions to map the
object locations to disk addresses 1o save disk space and
computation time. Model of spatial data is created to
efficiently process moving objects. We provide schema
for IVHS databases with the relevant abstract data types.
We also have a large sample of the relations needed to
model [VHS data. Several interesting queries are pre-
sented to show the power of the model. Triggers are
defined, using rule-definition mechanisms to represent
incident detection and warning systems. An efficient
physical model with MoBiLe access method is provided.

1 INTRODUCTION

We are designing a traffic information base for Intelli-
gent Vehicle Highway System (IVHS) application to
create a shared resource, efficient disk-based computa-
tion and integrity of data. As shown in Fig. 1, the infor-
mation stored in the [VHS database will be used by
transportation system designers for traffic modeling
and control. The same information will be used by
human-factors researchers to simulate driving condi-
tions in intelligent cars with headsup displays and on-
board computers. Efficient disk-based computation is
needed to detect collisions and traffic incidents. Spatial

access methods. rules and triggers. provided by the -

database system, will be used for efficient disk compu-
tation of incident-detection. One of the important ben-
efits a database may offer is the integrity of stored data.
Changes (deletions or additions) of maintenance work
on highways. for example, shall not leave any manage-
ment holes under the database's integrity constraints.

A geographical database is the major component of
an [VHS information management svstem. which
obtains information from different sources and sends
the processed information to different clients. The
sources may include traffic reports, scheduled traffic
events, and static information (e.g.. maps. incident
descriptions, etc.). The processed information may g0
to transportation system designers, drivers, traffic
controllers, psychological experimenters, etc. The data
sources include city maps. road maintenance sche-
dules. periodic sensor data from various locations, and
traffic reports. The data is characterized by its spatial
and temporal nature. Furthermore, sensor data leads to
high update rates. The clients of the database include
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Fig. 1. Data sources and clients of an [VHS database.

Microcomputers in Civil Engineering 0885-9507/93/S06.00 © 1993 Elsevier Science Publishers Ltd



176 Shashi Shekhar, Toneluh A. Yang & Peter A. Huncock

drivers on the road. traffic controllers and transporta-
tion researchers. Drivers may be interested in finding
short and uncongested paths to destinations. Traffic
controllers may be interested in incident detection and
management as well as traffic-flow control. Research-
ers often wish to validate their models fe.g. traffic-flow
models. driver-behavior models) with live data from
SSNSoOrs.

Due to the diversity of traffic information, an IVHS
database requires special capabilities for solving
problems which the traditional database systems need
not consider.

First, geographical data such as highway construc-
tion blueprints and city maps comprise a large part of
the traffic data. An IVHS database should be capable
of representing, processing. and displaying static geo-
eraphical data. The buildings in the city are static and
do not have overlapping area; the sizes of the areas
occupied by buildings are comparable and do not vary
a great deal. The areas occupied are rectangular in
shape. with comparable lengths on the opposite sides.
The object population density is high near the city
center and declines with the distance from the city
center. Some cities have more than one city center,
which can be modeled as a linear combination of
simple cities with one city center. The database should
be able to store geographic objects by preserving their
geographical proximity.

Second, traffic is a dynamic entity, and it may be
modeled with a large number of timestamp
measurements. producing large volumes of data. The
macroscopic view of tratfic may raise issues related to
temporal databases. To simplify and focus our discus-
sion. we will explore the microscopic view of traffic by
examining individual vehicles in the traffic. Individual
vehicles move and change their locations creating a
sequence of updates to the database to update their
locations for future spatial queries. An IVHS database
must provide access methods to handle these updates
due to motion.

Database technology has evolved over the last two
decades in response to the needs of commercial data
processing, and is characterized by large record-orien-
ted. fairly homogeneous data sets, mostly retrieved in
response to relatively simple queries: point queries that
ask for the presence or absence of a record. and interval
queries that ask for all records whose attribute values lie
within given upper and lower bounds. These databases
are not able to provide reasonable performance for the
[VHS applications.

The transportation data must be modeled at two

levels: the logical level. presented to the user. and the

physical aspects that an implementer sees. Consider

the example where a spatial object te.g. a road intersec-
tion) is stored in a database by using the boundary-
representation  approach. In this approach. a
two-dimensional region is represented as a collection
of edges, and edges are represented by their endpoints.
Three relations (regions. edges and points) may be
used to model the data. A relational database may be
designed with the following relations:

region: a pair (R, e ) identifies a region R, and one
of its edges e,.

edges: a triple (e, p,,, p,) identifies an edge e, and its
two end points p,, and p,.

points:atriple(p,, x, y)identifies a pointand its coordi-
nates x, v.

The representation smashes as simple an object as a
square into parts. spread over different relations. and
therefore over the storage medium. The question
whether a region intersects a given line L is answered
by intersecting each of the edges of the region with the
line L. If the pair (R,, ¢,) in the relation region contains
the equation of the edge, the intersection between edge
e,and L can be computed without accessing other rela-
tions, but to determine whéther the intersection point
lies outside or inside the edge e, requires accessing the
relations edge and point, i.e., accessing different storage
blocks, resulting in many more disk accesses than the
problem requires.

Efficiency requires, at least. retrieving all the data
that defines a basic region such as square as a unit. In
addition, geometric properties may be used to answer
proximity queries more efficiently. A sample region.
such as a rectangle. can be represented by 8 para-
meters that define the coordinates of four corner point.
Alternatively, rectangles.may be specified by an enclos-
ing circle with common center, with the angles sub-
tended by each corner. The second approach takes 7
parameters (2 coordinates for the center of circle, five
for the radius and corner points). The negative answer
to many intersection queries can be computed very
efficiently by comparing the radius with the distance
between the line and the center of circle. In essence. if
geometric objects are merely considered logical enti-
ties. we fail to take advantage of the rich structure of
geometry. The physical design of a database must uti-
lize geometric properties for computation efficiency.

In recognition of the fact that modeling is insufficient
for spatial databases without efficient physical storage.
intense efforts to design data structures for spatial data
have been made in recent years. A number of spatial-
data access methods have been proposed to retrieve
objects which are n-dimensional points or solids. The
spatial access methods optimize queries to retrieve all
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points or solids enclosed in or overlapping with a given
search region. The proposed access methods include
R-tree. =" Grid Files."'**!"1¥ and other search
trees.” ' 11141519 However. these access methods were
designed with the assumption of static worlds with no
moving objects. Update rates were assumed to be
much smaller than search query rates. The object
shape. size and location distributions are assumed to be
random rectangles with a high degree of overlap,
characteristic of VLSI/CAD data. Due to random
object population. the methods rely on tree-structured
directories/indexes, which are balanced after each
update to keep the cost of search queries small.

In presence of high update rates due to moving
objects. traditional methods incur very high overhead
of maintaining the tree-structured indexes. Further-
more they are not able to use the population distribu-
tion information to simplify the access methods.
Grid-based schemes need large memory buffers to
contain their directories and may not preserve the
geographic proximity relationship. Hashing-based
schemes do not suffer the problem with memory
buffers. They. however. do not preserve proximity rela-
tionships among geographic objects.

We proposed a new access method called MoBiLe
Files (MOnotonic Bounded mapping in LEotard Files)
to provide an efficient access method for IVHS appli-
cations.™* The MoBiLe Files method uses the popula-
tion distribution of the static geographical data in an
[VHS domain as the mapping functions between the
geographical domain and the storage space. The usage
of population distribution information enables efficient
data access and storage. It does not have the problem
of directory structure maintenance, and most import-
antly, preserves the proximity relationship among
geographical objects.

The rest of the paper is organized in the following
manner. The requirements of an IVHS application are
discussed in Section 2. We present our [VHS database
schema in Section 3. Entities in an IVHS application
are presented first, and abstract data types are then
defined to model these entities. In Section 4, query
languages of the IVHS database are described and
sampie queries are presented. We discuss the mechan-
ism of integrating knowledge into an IVHS database in
Section 5. Access methods are discussed in detail in
Section 6. We describe the related literature and iden-
tify our contributions. We describe MoBiLe functions
and compare the proposed access method with major
families of traditional access methods by detailed cost
modeling and experimentation. The experimental
parameters, configurations, and the results are

described. Finally, we present our conclusions and

recommendations for future work.

2 REQUIREMENTS OF IVHS DATABASE

Five key characteristics distinguish [VHS data manage-
ment from the other applications:

1. Data from individual sensors represent a stream
of values, ordered by time of sensing. The values
are assessed by their ordering in time. Data
values associated with current and recent time
are used more often than are older data values.
The average value over time interval is often
computed.

. Many objects (e.g., sensor. buildings, roads) are
embedded in k-dimensional Euclidean space.
For example, the record may be considered to be
a point in attribute space. However, attribute
space is not Euclidean space, since the distance
between two points (e.g., two names) may neither
be meaningful nor satisfy the triangle inequality.

3. The objects are often accessed through their
location in space. For example, partial match and
orthogonal range queries are common in tradi-
tional applications. In contrast, queries for over-
lapping between two regions are more popular in
IVHS databases.

4. The shape of a typical spatial object may be fairly
complex. Although a record in a traditional data-
base may contain a lot of attributes, for searching
purposes, it resembles a point in the attribute
space. A typical spatial object. on the other hand.
may be a region of complex shape, and we may
need to reduce them to predefine primitives such
as points, edges, or triangles.

5. An IVHS data processing system needs to store
and process information traditionally repre-
sented via maps.'® Sample data include the Land-
sat image data bank.’ census data.>’ and a city
map of roads and buildings. Another important
set of data includes a schedule of important
events, such as a road maintenance schedule, and
an event schedule for major traffic sources
including stadiums, shopping centers, etc.

[89)

An important problem in designing IVHS data pro-
cessing systems is efficient physical data modeling.
Traditional data modeling techniques do not provide
an adequate means for dealing with IVHS information.
Most IVHS data must be qualified by the location
where it is valid, the time of observation and its accu-

racy.”® It is generally believed that current general

purpose databases are inadequate to deal with spatial
information mostly due to efficiency problems, and
partly due to lack of direct support for spatial and
temporal concepts.
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Two semantic domains that are essential to dealing
with [VHS concepts, space and time. are provided by
the tormalism. Without excluding alternate views of
space and time. we provide a kernel set of spatial and
temporal concepts and operators. Based on spatial and
temporal logic. they allow one to state that a fact is true
at some point in time and in a particular place.

The modeling of spatial objects is divided into the
foHowing parts: representation of space, representation
of spatial objects, embedding objects in space, object
transtormations | translation. rotation), preservation of
Euclidean proximity relationships, and aggregation
operations.

The representation of space via a coordinate system
allows naming and reference to interesting parts of
space. For example. to retrieve roads under mainten-
ance in downtown Minneapolis, we need to identify the
span of the area named "downtown Minneapolis’. The
representation of objects allows us to model the shape
of interesting objects such as roads, buildings. and
vehicles. An embedding of objects in the space pro-
vides information about the space currently occupied
by the object. For example, to answer queries relating
to collisions between two vehicles. we need to examine
the overlap of space occupied by the vehicles. The
separation of object representations from their
embedding in space is helpful in simplifying the com-
putation of embedding-independent object properties.
For example, the volume of a vehicle can be computed
without the knowledge of its location. Using such trans-
formations as translation and rotation, we can repre-
sent the motion of a vehicle and compute new
embeddings.

Preservation of spatial proximity between object
pairs is needed to efficienctly answer proximity queries
like collision between vehicles. It reduces the computer
disk accesses needed to answer the queries by simplify-
ing the representation of the object needed to answer
most queries. Other frequent queries, such as finding a
path from the airport to a downtown hotel, a boundary
traversal to locate all objects close to downtown
Minneapolis. or sweep algorithms to scan all objects
-along a road, also dictate the physical model of spatial
objects.

Our formalization views the world as a collection of
entity instances. Information about individual objects
is captured via the set of attributes defining its pro-
perties. For example, the EE/CSci building is charac-
terized by its location, office hours, capacity and other
traffic-relevant attributes. Related individuals are
grouped into entities represented as a table with one
column for each attribute and one row for each indi-
vidual. All buildings are grouped in one table. All roads
may be grouped in another table.

We classity the entities into two classes: materialized
and virtual. M .ierialized entities are stored in the data-
base. Virtual cntities are not stored. but can be com-
puted from the stored entities. For example, an
intersection is a virtual entity. Given the identification
of intersection in terms of the roads which meet there.
interesting properties (e.g., location) of individual inter-
sections can be computed.

Spatial and temporal aspects of data are modeled via
a set of data types which specify the spatial and tem-
poral attributes and operations. The space is modeled
via a rectangular coordinate system. Objects are
modeled approximately by a collection of primitive
objects, which include rectangles and rectangular
solids. The embedding of objects in space i~ modeled
by the coordinates of the center of the objec’ Transla-
tion and rotation operations are suppc:ied  and
modeled by altering the values of relevant att. " utes of
the objects. representing the new embedding. “roxim-
ity relationship is preserved via the MoBiLe mapping
function, which determines the disk address of an
object from its spatial coordinates. The mapping func-
tion is monotonic and continuous to preserve prox-
imity relationships. The boundary traversal and other
algorithms are supported efficiently by the mapping,

Consistency among the stored data is specified via a
set of integrity constraints that identity the constraints
among values for attributes of individual objects. For
example, the office hours for EE/CSci buildings may
be 8 to 10 h per day (not typical of many Computer
Science Departments!). The areas occupied by two
independent buildings are non-overlapping,

Animportant constraint in defining the formalism has
been the desire to implement itin an extensible database
such as Postgres. Postgres provides a template data base
which can accept user-defined data types and operators
to model IVHS applications. We are implementing the
formalism on Postgres version 3.0 in a Unix environment
on Sun Sparc machines using C and Lisp. Graphic inter-
face for the map data is provided from the Xfig and Pic
tools. The purpose of the experimentis to identify waysto
overcome the limitations of traditional database systems
in areas of efficiency, modeling and user interface.

3 DATABASE SCHEMA: REPRESENTING THE
ENTITIES IN THE TRAFFIC WORLD

A database schema models application domain as a
collection of entities with attributes and the rela-
tionships among the entities. To represent a domain
efficiently, several data models have been proposed.

~ Among them are the network model, the hierarchical
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model. the relational model. the entity-relationship
model. the functional model. the semantic model and
the object-oriented model. In addition. variants and
extensions of the above models also exist. The exten-
sible relational model.” =" for example. has been a main
research area since the emergence of the relational
model.

We chose an extensible relational database manage-
ment system. Postgres.- "= to represent the schema of
the IVHS database. It provides an application database
designer with the ability to model both the semantic
and the procedural aspects of an application domain.

The choice of model was dictated by the following
considerations:

I. The query language should provide commands
for defining new types and operations. Database
designers can define domain-specific abstract
data types with the commands to model the
application domain entities.

2. The model should support rules. Rules makes the
creation of triggers/demons possible, which are
central to processing such events as collision
detection and accident monitoring.

3. The model should allow inclusion of new spatial
and temporal indexing methods for efficiency
and for tailoring to the application-specific
computations. The IVHS database domain, for
example. contains geographical objects. Since
geographical objects usually contain multi-
dimensional attributes (e.g., the X and Y coordi-
nates representing locations, or the rectangle
representing an area), the traditional one-dimen-
sional accessing schemes widely used in commer-
cial applications are not appropriate for
processing geographical data. It is important for
the performance of a IVHS database to have
specific access methods for representing and
accessing geographical objects. We have created
a powerful spatial access method called MoBiLe
Files, which are capable of mapping from objects’
geographical locations to the appropriate physi-
cal disk location, based on the population density
of the domain. As will be shown in Section 7,
MoBiLe Files perform well in terms of both disk
space and computing-time usage. With the define
index command provided by POSTQUEL. we
are able to build the MoBiLe File access method
into the IVHS database.

The first step of creating an extensible database
application is to model the entities in the application
domain as abstract data types {ADTs). An ADT con-
tains attributes and operators specific to the type. A
circle, for example. contains a center and a radius. A

circle can be modeled as an ADT containing two attri-
butes: a center coordinate (centerX. centerY i and a
radius. In addition. operations such as ‘get circle cen-
ter (circle). -get_circle radius (circles. ‘circle equal
{circlel. circle2) may be defined for the efficient
manipulation of circles. An operation is usually defined
as a function taking one or more parameters. The
circle_equal’ operation, for example, is a function
taking two circles and returning a boolean value (equal/
unequal or True/False).

The entities existing in a IVHS database such as
buildings, vehicles, etc. can be modeled as ADTs. In
the database model. ADTs correspond to npes and
relations. The commands define rvpe, define C function,
define function, define operator. and create were used
for the creation of abstract data types. The entity vehi-
cle. for example, was modeled in the database as con-
taining five attributes: ID. name, type. box. and
safety_envelope (see the vehicle relation table in the
Appendix for examples). An entity is defined in such a
way that the defined attributes and operations are
useful for modeling the application domain. One of the
purposes of IVHS databases is to detect collision, thus
a vehicle contains the attributes "box’ and ‘safety enve-
lope’. As another example. the entity ‘building’ contains
five attributes: building ID. building name. business,
box. and schedule. Users may query the schedule of a
particular building or jointly query how many buildings
have business hours falling within a particular time
segment (e.g.. 1200-1600 h on 24 Dec).

3.1 Entities

We model the sample IVHS data with the following
entities: vehicle, building, traffic_sign, traffic_area.
traffic_location, sensor. road, bridge. congestion, colli- -
sion, and event. Each of the entities is shown as a table
in the Appendix. Each table contains several columns
representing attributes of the entity. Each column has a
type, which is offered when building an entity into the
database. The entity vehicle. for example, could be
built into the database using the following command.

create vehicle (ID = integer. name = string, type
=TYPE box = string, safety_envelope = string)

The type of each attribute appears after the *="sign. A
type specifies the domain of a column. Built-in types
such as integer, character string are directly specified.
The application-defined types such as box, lines,
points, absolute time, etc., which are described in the
next section, are represented using the keyword TYPE.
The "type’ column of a vehicle relation. for example.
has type box. This means a vehicle is represented as a
rectangle containing four corner points. This kind of
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MER (minimum enclosing rectangle) representation is
appropriate for collision detection by checking box
overlapping. The function box overlup is an operation
specific for the ADT box. It takes two boxes as para-
metersand returns aboolean value. To check ifa vehicle's
enclosing rectangle overlaps with a building’s enclosing
rectangle. we could issue the following function call
inside a query: box_overlapivehicle. box, building. box .

3.2 Data types and operations

The semantic domain of a traffic information system
can be classified into two classes: the spatial (geogra-
phical} domain and the temporal domain. The spatial
objects are modeled with entities such as points, line
segments, paths and boxes. The space is modeled by a
coordinate system to embed objects in space. The
temporal domain is modeled by time point (absolute
time), time interval, periodic time {e.g.. every Wednes-
day. every day at 0900 h. etc.), and schedule. The
spatial and temporal classes are modeled as types and
are used together with the primitive types to specify the
tvpe of domain of columns in a relation.

Spatial data types include point, box, Iseg (line seg-
ment), and path. Box, for example, is used in the rela-
tions vehicle, building, and traffic area to specify the
extent of the entities. The box attribute specifies the
extent of area covered by a vehicle or building. The
box attribute is useful for collision detection. As
another example. the tvpe /seg and path is used to
represent road and bridge. which is either represented
as a line segment or as a combination of line segments
(path).

Temporal data types contain abstime (absolute
time), reltime (relative time), rinterval (time interval),
wetime (wild card time), winterval (wild card interval),

and schedule. Weinterval. for example. is used to define
the relation construction. while schedule is used to
model the business hours of a building in the butlding
relation. Rush hours can also be modeled using the
winterval data tvpe. '

Data types and their definitions are shown in Table 1.

While -absolute time/interval is self-explanatory,
'wide card time/interval’ needs some explanation.,
Frequently. in a real-world application. a user needs to
specify a generic time or interval without specifving the
date or month. The business hours of a building, for
example. are usually represented as generic time inter-
vals (e.g., Mon.-Fri. 0800 h to 1600 h, Sat. and Sun.
1200 to 1500 h). Wild card time/intervals | wctine,
winterval) serve the need of specifying a generic time/
interval or schedule. It is defined using the wild card
symbol 2. which matches all values for any fields tday.
month, hour:minute:second. vear) in a time expres-
sion. A time expression has the following format:
‘month day hour:minute:second vear'. If a user speci-
fies a time expression using the ? symbol as follows (77
16:00:00 19917, ~22 20:00:00 19917, the user tells
the database to look at every winterval 1600 h to 2000
within the year 1991, regardless of the dates. T he follow-
ing sample query specifying a generic time interval.

query # 1: All buildings near a camera location which
generated traffic during 1600-1800 hin 1991.

retrieve (building. name)

from b in building, ¢ in sensor

where c.class ="camera”

and near(b.box, c. point, 3)/*e = 3 miles */

and in{end(b.otfhrs), (*?716:00:00 1991~ =7
18:00:00 19917)).

The Define type command is used to build types into
the database. The spatial and temporal data types are

Table 1
Data types
Name Detinition

Spatial rvpes

point Dara point with two coordinates (. y)

box Two dimensional rectangle {represented by four corner point)

Iseg Line segment (represented by two end points)

path Curve approximation by a variable length array of line segments
Temporal nvpes

abstime Time instant {vear. month. date. and day-time)

reltime Relative time instant with respect to now

tinterval Time interval (starting abstime, ending abstime)

wctime Absolute time specification with wild card and defaults

winterval Time interval (starting wetime, ending wctime)

schedule A list of wintervals
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depicted in Fig. 2 along with a sample relation, build-
ing. The upward arrow points to the type specifier for
the particular column in the relation. The columns with-
outupward arrows have primitive types suchasinteger or
character strings.

Each data type has a set of operations defined for
easy and efficient use of the data type. The box data
tvpe. for example. has the following operations:
box overlap(), inside(). box center(), passesVia(),
near(), enclosure(), and adjacent(). The same opera-

tion may take different parameters. The operation
near(). for example. has four different parameter pairs:
point/box. box/box. Iseg/box. and path/box. Although
having the same name, each individual operation is
actually defined differently; however the user does not
need to worry about the details. This is one of the
strong features of abstract data types.

Operations for spatial types are listed in Table 2, and
temporal operation are in Table 3. Operations are
defined for each data type using either define C func-

ADT
spatial temporal
box point Ppath Iseg abstime reltime tinterval  wctime  Wwinterval schedule
building: id buisiness box use-hrs |
Fig. 2. Traffic domain data types.
Table 2
Spatial operations
Return type Name Meaning

boolean box_overlap(box, box)
boolean inside(point. box)
boolean on_ppath(point. path)

box box_center(box)

integer pointdist(point, point)
boolean inside(box, box)
boolean passesVia(path.box)
boolean near(point, point.e)
boolean near(point,box.e)
boolean near(box.box.e)
boolean near(lseg,box.e)
boolean near(path, box,e)
boolean intersect(lseg, Iseg)
boolean intersect(path.iseg)
boolean intersect(path. path)
point intersection(lseg, Iseg)
point intersection(path. Iseg)
point intersection(path. path)
box , enclosure(box, box)
box enclosure(path)

box enclosure(point, box)
Iseg lineseg(point, point)
boolean adjacent(path.box)

Test for overlapping boxes

Test if point is in the box

Test if point lies on path

Return center point of box

Distance between 2 points

Test if a box is inside the other box
Test if a path intersects box boundaries
Test if pointdist(point, point) < e

If distance between two arguments < e
If distance between two arguments < e
If distance between two arguments < e
If distance between two arguments < e
Test if two line segments intersect
Test if path intersects Iseg

Test if path intersects path
Intersection point

Intersection point

Intersection point

Smallest box containing two boxes
Smallest box containing the path
Smallest box containing box and point
Straight line joining two points

Test if path adjacent to box
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Table 3
Temporal operations
Rerurn nvpe Nume Meuning
abstime intervalstart tinterval) Start instant of tinterval
abstime intervalend(tinterval) End instant of tinterval
abstime timemilabstime. reltime) Subtract time A
abstime umenow! Returns to current time
boolean abstimeleabstime |, abstime 2 Test if abstimel < =abstime2
boolean reltimele(reltime | . reltime2) Testif reltime ]l < =reltime2
boolean inintervallabstime, tinterval) Test containment
boolean intervalovitinterval, tinterval) Test overlap
boolean intervalct(tinterval, tinterval ) Test if one tinterval contains another
abstime wc2abs(wctime) Abstime by copying values for *?" fields from timenow | )
boolean timelelwctimel. wetime?2) Test if wetimel < = wctime2 ignoring wildcard valued fields
boolean in{wctime, weinterval) Test containment
boolean overlapwcinterval. weinterval) Test overlap
wctime start(wcinterval) Start instant of wcinterval
wctime end(wcinterval) End instant of wcinterval
wctime timemi(wctime. reltime) Subtract time A
boolean in(wctime, schedule) Test containment
boolean in(winterval, schedule) Test containment
boolean overlapischedule, schedule) Test overlap
wctime startischedule) Start instant of wcinterval
wctime end(schedule) End instant of wcinterval
integer average_overtiattribute. tinterval) Average of attribute over tinterval
schedule subschedule(schedule. winterval) Extract subset of schedule (e.g.. Monday schedule. or April

schedule)

tion or define POSTGRES function commands. Opera-
tions provide access to data types. Type-specific
operations are required for efficient and easy data
manipulation.

4 QUERY LANGUAGE OF THE IVHS DATABASE

Once the application database is created. users can use
the types and functions together with the data access
commands to retrieve or update information stored in
the database. '

The query langauge includes commands defining
new types and functions not available in traditional
database language like SQL or QUEL. These com-
mands include define type, define function, define rule,
define index, and define operator. Once a function is
defined, it can be used in the queries. The database
run-time system will automatically load the corre-
sponding function code when it processes the queries.
A function can also be bound to an operator so as to
improve the syntax of a query. The inside(box,box)
function, for example, can be bound to the operator
"< =" using the define operator command. The user of
the database can then issue a more natural expression
such as "box1 < =box2"to replace ‘inside(box 1, box2)".

An [VHS database designer should have the ability
to add new access methods into the database. The
commands define index and define operator can be
used together to build an access method into the data-
base which may not have been provided. As mentioned
before, the geographical objects contained in a [VHS
database require spatial access methods .for efficient
processing. Making use of a user-defined index feature.
the MoBiLe Files access method can be integrated
with the IVHS database. Once an access method has
been built into the database, operators will automa-
tically invoke the corresponding access methods, but
this complexity is invisible to the user of the database.

Higher-level constructs such as VIEWS and transi-
tive closure are frequently required in a database appli-
cation. Finding the shortest path between two
locations, for example, requires the capability of
expressing transitive closure of the query language. We
have integrated the transitive closure specification into
the view definition command. The command ‘define
VIEW <view name> | <attributes > ) AS TRANSI-
TIVE_CLOSURE of < relation name>BY <vyiew
body > defines a view recursively taking a relation and
the view itself building a view containing the transitive
closure of particular attributes.
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define VIEW simplepath (from_building. to_build-
ing, road . name. distance)

retrieve (bl .name. b2.name. r.name)

bl from building, b2 from building. r from road
WHERE

adjacentibl.box. r.lseg, 20yards),

AND adjacentib2 . box. r.lseg, 20vards)

AND distance = pointdist{box_center(b 1 .box],
box_center{b2.box).

define VIEW route (from_building,
path. length)

AS TRANSITIVE_CLOSURE OF simple_path
BY

retrieve (s.from_building, r.to_building,
s.distance + r.distance)

from s in simple_path, r in route

where s.to_building = r.from_building.

to_building,

For simplicity, we assume most important sections of
roads have important buildings near them. We also
assume that the length of road joining two buildings is
approximately equal to the distance between the center
points of the buildings. With intersections in the data-
base, one could use pointdist(intersectionl . point, inter-
sectionZ. point) to improve this estimate.

A general case can be handled by storing important
intersections in the relation traffic_location. and includ-
ing the paths between intersections in the VIEW
simple_path. This may be necessary for freeway inter-
sections.

query # 2: Find the shortest path from EE/CSci to
Min/Dot.

retrieve (r.path, min(distance))

from r in route

where r.from_building="EE/CSci”

and r.to_building ="Min/Dot".

The sample query demonstrates use of the ‘route’
VIEW to find the shortest path between the EE/CSci
building of the University of Minnesota and the Min/
Dot building. It should be noted that queries containing
transitive closure are usually expensive and require
query optimization for efficient processing; query opti-
mization has been a heated research area in database
systems. An approach to solving transitive closure
queries is presented in Ref. 1.

4.1 Example queries

First, queries may be classified as relevant to drivers,
experiments, or traffic-controllers. The drivers, for
example, may want to know whether there exists any-
thing within its safety envelope. T he following is an exam-
ple of a driver query.

query # 3:Find all the objects existing within the safety
envelope of the self vehicle.
define POSTQUEL function safety_check (vehicle)
returns string is
retrieve (building. name)
where box_overlap(self.safety_envelope,
building. box)
retrieve (vehicle.name)
where box_overlap(self. safety_envelope. vehi-
cle.box)
retrieve (trafficsign. name)
where inside(traffic_sign. point,
envelope)
retrive (cd_list = safety_check(self))

self.safety-

As another example, the driver may want to know
all the gas stations within one mile of the road on which
he is driving. The following query is an example of this
type of query.

query # 4: Find all gas stations within | mile of the
road adjoining Minneapolis, MN to Rochester, MN?
retrieve (building. name, building.location)
fromr in road,
11 in location
12 in location,
where building . business = “gasstation™
and 11.name ="Rochester”
and 12.name = “Minneapolis”
and passesVia(r.path, 11.box)
and passesVia(r.path, 12.box)
and near(building.box, r.path, 100 vards).

The traffic controllers may want to query the data-
base for all buildings near a camera location which
generated traffic during 1600-1800 hon 1 Jan. 1991.

query # 5: Find adjacent camera pairs on common
lane with high difference (50% = 0-5) in average lane
occupancy for last 5 min.
retrieve (cl.id, ¢2.id)
fromcl, c2 in sensor
where c1.class ="camera”
and c2.class ="camera”
andcl!=c2
and floatmi(
average_overt(cl.occupancy,
timemi(timenow( ), @ 5 minute)]),
average_overt(c2.occupancy,
timemi(timenow( ), @ 5 minute)))
)> =0-5.

[timenow( ),

[timenow( ),

The experimenters may want to know if the self
vehicle in the driving simulation environment has
collided with any objects.
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query # 6: Find all the objects colliding with ‘= self
vehicle,
define POSTQUEL function Collision_De
tection (vehicle) returns string is
retrieve | building. name| where box_over-
lapiself.box. building)
retrieve 1vehicle. name) where box_over-
lap(self.box. vehicle. box)
retrieve (traffic_sign.name) where
inside(traffic_sign. point. self. box)
retrieve (cd_list = Collision_Detection (self))

4.2 Point, range, aggregate, join, closure and
boundary queries

Queries can also be classified using a different set of
criteria based on the data types involved. A query may
be an instance of point queries, range queries.'* aggre-
gate queries. join queries. transitive closure or boun-
dary queries.

Most of the above queries can be implemented effi-
ciently. Point and range queries are implemented with
the help of spatial and temporal access methods.
Aggregate, join. and transitive closure queries, how-
€Ver. are expensive in terms of implementation cost
and space and time cost. A transitive closure query, in
particular. is very expensive. We are investigating the
method of formulating path planning as a function.
MoBiLe Files may be used in a rule-based route
computation method to reduce the search space of
transitive closure queries.

An example of a point query is presented below.
where camera locations (represented as point types)
are requested.

query # 7: Find a camera location with a high aver-
age lane occupancy for the last 10 min.
retrieve (c.location)
from ¢ in sensor
where c.class ="“camera”
and  average_overt(c.occupancy,
timemi(timenow( ), @ 10 minute)])> 50

[timenow/( ),

The following two examples demonstrate range
queries. ‘

query # 8: Which roads are under construction near
downtown?

retrieve (r.name)

fromrinroad,cin construction, areain traffic_area

where area.name = “Mpls Dntn" '

and passesVial(r. path, area.box)

and r.id = c.entity

and ininterval(timenow( ), c.interval).

query = _ist buildings with their locations. in East
bank campus UMN.
retric. - b.name. b.location)

from b building, area in trafficarea
where area.name ="MPLS campus UMN™
and inside(b.box. area.box).

A join query asks for the intersection of two set of
attributes from two different relations. The following
query is an example of a join query.

query # 10: All buildings near a camera location
which generated traffic during 1600-1800 h on 1
Jan. 1991.

retrieve (building. name)

from b in building. ¢ in sensor

where c.class = "camera”

and near(b.box. c.point. 3)/*e = 3 miles */

and ininterval(interalend(b . offhrs),

[Jan 1 16:00:00 1991, Jan | 18:00:00 1991)).

Transitive closure queries involve recursion. F inding
the shortest path between two locations, for example,
requires the database to recursively build a roure view
and select the one with minimum path length. The view
definition mechanism -and a sample query involving
transitive closure were shown as query # 2. The miny)
function in the query is an aggregate function which
takes a set of paths and returns the one with the short-
est path length,

Boundary queries involving traversing the boundary
of a given object. For example, to retrieve all the roads
near the University of Minnesota campus, we need to
traverse the boundary of the campus to collect the
roads. A box is represented in a way that allows us to
compute the boundary, as well as the area, efficiently.
The following is an example of boundary queries.

query#11: Find all roads that intersect with the
roads (e.g., Washington, University, +4th street,
19thAvS/10th AVSE) adjacent to University of
Minnesota, Minneapolis.

retrieve (rl.name) from rl in road. r2 in road.

area in traffic_area

where area.name = “UofM"

and near(r2. path, area.box, 10meter)

and intersect(r1.path, r2. path).

5 EVENT DETECTION AND DATABASE
TRIGGERS

In a IVHS database domain, events such as traffic acci-
dents, traffic congestion and safety envelope violations
need to be persistently monitored. Since events do not
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occur predictably, it is more appropriate to model
them as triggers rather than as queries. Triggers are
more like persistent queries or demons existing in the
database. Triggers are usually implemented as rules.
which consist of a “condition” part and an "action’ part.
Once built into the database. rules function like
demons and constantly monitor the database state to
match the “condition” part of the rule. If the state satis-
ties the condition. the "action’ part is fired to conduct
pre-defined actions (e.g., report collision). [t is apparent
that triggers are useful in [VHS database applications.
where incident detection and warning systems for drivers
are important features.

To integrate knowledge into a database system. two
approaches have been proposed: the loose-coupling
approach and the tight-coupling approach.”” Both
approaches store the knowledge as rules in a know-
ledge base. The rules can then be shared. updated. and
automatically applied. The former approach uses a
knowledge manager separate from the DBMS (data
base management system) to manage the rules: the
second approach integrates the knowledge manager
into the DBMS.

In the first approach. a separate knowledge manager
is usually built upon an expert system shell such as
OPS3, S1, KEE or Prolog. The rule manager and the
DBMS are loosely coupled. One disadvantage of loose-
coupling approach is that whenever the knowledge
manager requires data from the database. it needs to
send a query to the DBMS to obtain the data. In addi-
tion. the database user needs to learn the rule-specify-
ing language, which is usually quite different from
database languages such as SQL or QUEL.

The tight-coupling approach. on the other hand. inte-
grates rules into the database management system.
The integration of rules into a DBMS allows the system
to deal with dynamic environment, where data are
updated frequently. Another advantage of tight-coup-
ling is that it can be used with a database application
which is not partitionable. One of the limitations of the
loose-coupling approach is that it needs a partitionable
database to make efficient inferences. Since most of the
application domains are not partitionable, the tight-
coupling approach is more realistic.

Several example rules are shown in Table 4. The
define rule command is easy to use to build rules into
the database. Rule 1 (if collision with the self occurs.
then report it and store all the colliding objects), for
example, can be defined as follows.

define rule collision_report is
on Collision_Detection (self.box)
do report_collision( )

6 ACCESS METHODS FOR GEOGRAPHIC
SEARCH AND MOTION

Access methods are data structures used to organize
the data file on disk for efficient query processing. The
access methods help in retrieving the data records of
files in various sorted order to help answer interval
queries efficiently.

6.1 Relation literature and our contribution

The last decade has seen a surge of interest in the
design of spatial access methods for VLSI-CAD and
geographic data. A number of access methods have
been proposed to handle spatial data and spatial que-
ries. Recently a set of comparison studies have been
reported to evaluate alternative access methods for
various applications.” '

Spatial access methods can be classified into two
major groups: point access methods and spatial interval
access methods,' based on the types of queries sup-
ported. Point access methods are useful in answering
queries about the properties of a point. For example.
the elevation at a given geographic location may be
modeled as a point query. The interval or spatial query
relates to a region of space. An example of region
queries would be to determine the number of objects
overlapping a given area (e.g., collision detection). We
will focus on the access methods for spatial interval
queries.

Spatial access methods are. based on two canonical
ideas: Grid-files and R-tree. Grid-files divide the geo-
graphical region into a rectanguiar grid of possibly

Table 4
Examples of application defined rules

If collision with the self occurs. then report it and store ail the colliding objects.
If traffic congestion occurs on road 1-94 towards Minneapolis from St Paul. then

While driving. notify when intersection with University & 280 is within two blocks

Rulel
Rule2

report it and store the time.
Rule3
Rule4 Notity when fuel < 1/4 tank.
Rule3

Speed > 63 miles for any vehicle on the road where [ am driving
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Table 9
Function F12

track =-integer: ((*fI'x i if xvinside | =L . L !
track = integer «r*f2{x 1 otherwise

sector = integer s*fliveif vinside | = L L
sector = integer: s*f2i v - otherwise

3 u.
\\hcx'c.{;‘l<_r,=5~L_\*5
l g
fix =—— gfid = ————
l+expi—x/0i | &g
log—

L=

integral to the available disk address space. An exam-
ple normalization factor is the total population of
objects. The normalized integral of population density
is a monotonic, bounded function providing leotard fit
for well-behaved population density functions.

Let us consider the simple object population distri-
bution shown in Fig. 4. The population is uniformly
distributed in the interval [ - L , L . There is no popu-
lation outside the interval. The population density
function is represented by g(x) defined by Table 10.
The normalized integral is represented by f(x), which
is normalized to yield a value between 0 and 1.

The normalized integral can be divided into equal
parts for the number of disk blocks available for stor-
ing the objects.

The population density functions are defined differ-
ently for static and dynamic objects. Population density
of static objects (number of objects per unit geographic
area) determines the mapping function. The integral of
object populationdensity withrespect to geographicarea
gives the mapping function. Let us illustrate it by taking a
simple example. Suppose the population density is
uniform over the interval [~ L , L ]and zero elsewhere.
The mapping function will be: disk-address = (number of
disk blocks/(2*L ,))* xfor| x| <[~ L , L ]andzeroelse-
where as illustrated in Fig. 4.

Populationdensity functions formovingobjects areill-
defined due to the time-dependence of the locations of
the moving objects. We use traffic density (i.e., time aver-
age populaticn density) to create the mapping functions
for the mobile objects. Traffic density function is defined
as the time-average of population density of mobile
objects in a given area and given time-interval for arbi-
trarily small area. The traffic density function in general
depends on the time interval. However, two time inter-
vals are the most interesting: peak hours, off-peak hours.
Our experience with traffic data from the freeways of

Normalization
Factor Ax) integral of density function
4 "/———“ﬁ.‘___.
i V.
H %3 . g(x)
i SESS - i H
J[ ! /” density function
-L(x) L(x) geographic coordinates

Fig. 4. Population distribution and its integral.

Table 10
Population integral

glei=lifxin{-2 L]
() otherwise.

v

J g ix
/.'. ¥ ) = - : ;
Normalization Factor

_x+ L,

ifxin(=L.L ]
2L,

() otherwise.

Twin cities confirms this pattern. One may choose a
combination of peak-hour and off-peak hour density
functions to balance the disk storage costs and computa-
tion cost due to overflow costs. For simplicity, we will
work with the peak time traffic density function and
assume it to be stationary. The integral of rhe traffic
density function with respect to the geographic areagives
us the mapping function as well.

A linear combination of the two MoBiLe functions,
for static objects and mobile objects. provide the final
mapping function used by the database.

6.5 MoBilLe Files

MoBilL.e file store objects in the geographical world on
disk preserving proximity relationships. For 2-dimen-
sional geographic world. MoBiLe files can be designed
simply by mapping the two dimensions to tracks and
sectors within tracks. For higher dimensions, the mapp-
ing becomes non-trivial. In the 2-dimensional MoBiLe
File object’s geographical location (x, v) is used as the
primary key to locate the disk block where the object is
stored.

There are four parameters to be determined to design
a MoBiLe File: population distribution. mapping func-
tion, number of disk blocks needed. and disk allocation.
The population distribution is derived from population
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density function. Exact population density for Intelli-
gentan Vehicle Highway System is available from city
planning offices. Maps also provide an accurate popula-
tion density function. The objects occupy two dimen-
sional rangion geographic space. This creates problems
in constructing density functions. which specify popula-
tion values at various geographic points. There could be
two ways of resolving the issue: centroid as location, or
range function with multiple counting of objects. Cen-
troid as location replaces two dimensional objects by a
point object located at the center of gravity of the object.
The transformation helps in creation of point density
function by specifying the number of objects at each
geographic point. Analternative mapping function could
be based on creating a set of ranges or a grid. An object
will be counted several times. once for each grid over-
lapping with the two dimensional space occupied by the
object. Centroid method is computationally less expen-
sive, but leads to small amount of overflow due to the
object located at the boundary of disk blocks.

Mapping function from geographic coordinates to
disk addresses are based on population distribution.
Population distribution function can be exact or approx-
imate. Exact population distribution function can be
obtained by numeric integral of exact population density
function. An approximate population distribution can be
constructed from city maps. The approximation may be
based on closed form functions or sampling. A closed
form function approximation is based on a set of simple
closed form functions whose linear combination can fit
population distributions. Sampling uses a collection of
points on population distribution curve to represent the
function. Interpolation is used to compute the value of
population distribution at other points in the populated
region. Closed form function approximation leads to a
simple mapping function, which has minimal computa-
tional overhead during data access. However, it leads to
smallamount of overflow for the disk blocks mapping the
geographic regions with higher approximation error.

Disk Space Requirement is determined from the total
population. computed from the integral of population
density. Other factors determining the disk space
requirements are number of bytes needed to store an
object, disk block size, overflow requirements and disk
utilization factor. Overflow area is needed to account for
approximation errors in the mapping function and cen-
troid method of population density estimation. Disk utili-
zation factor is useful for the management of small
population density changes due to moving objects to
reduce the overflow. The required number of disk blocks
for the application (D) is determined by D=[(Nx b)/B|

x[(1+ Of)/U]. The symbols are described in Table 11.

Space Allocation Strategy: Disk space can be allocated

in one of three ways: as a 2-dimensional rectangle, as a

Table 11
Parameters for disk allocation

Number of objects in the application
Number of bytes per sector

Number of bytes per object

f Overtlow factor

Utilization factor

Number of tracks allocated

Number of sectors per track

ST~

l-dimensional chain of tracks (or sectors ), or as a chain of
blocks randomly linked together. The shape of disk area
should be homeomorphic to the population distribution
in the geographic space to preserve proximity and conti-
nuity relationships. For example, a square area on disk
should be used for uniform population distribution over
a square geographic region. The number of tracks and
sectors/track can be computed by D=TxS. Two-
dimensional rectangular disk allocation for general
population distribution remains a hard problem.

When one disk is not large enough to store all the
objects, the disk address space may need to be parti-
tioned into several disks. Rather than partitioning the
population into disks using left-to-right percentile count-
ing, a better way of partitioning is to partition around the
peaks of the distribution function and go outward to both
directions. A possible benefit of such a method of grow-
ing around maxima of population density is that, when
focused on one centralized area such as downtown, the
queries would notinvoke several disk accesses. Typically
the number of tracks is larger than the number of sectors/
track. This constraint is addressed by mapping the
dimension of larger extent to tracks. Furthermore, we
logically increase the number of sectors per track by
merging two or more physically consecutive tracks into
one logical track.

Buffering is used to reduce disk access. A new disk
access is needed only when a vehicle crosses over the
boundary of blocks. When cross-over occurs, the new
block is read into the butfer and the following move
operations may work on the buffer rather than actually
access the disk blocks.

MoBiLe File Operations: Five operations are defined
for the MoBiLeFiles. They are build, move, search (colli-
sion detection), insertand delete. Each operation is called
given a list of parameters, which is put in a parenthesis
following the function name. Each object’s location is
represented as a box with four corners(c0, ¢/, ¢2,and c3).
The upper right corner is cOand the counting of the other
corners goes clockwise.

Build (a list of object records)
For each obj in the list, Insert( 0bj).
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Move (vehicle, new location)

1. Delete (vehicle).

2. vehicle- > location = new location.

1. Insert (vehicle).

[nsert oby!

L. For each of the four corners. get its block

number (b/. b2, b3, b4).

2. For each block located within the rectangle
enclosed by b/, b2, b3, and b4, search the buffer
list for the block.

If found. insert obj into the buffer.

+. Otherwise, copy_obj from_disk(block _spec).

goto 3.
Delete (0by)

L. For each of the four corners, get its block
number (b1, b2, b3, bd).

2. For each block located within the rectangle
enclosed by b/, b2, b3.and b4, search the buffer
list for the block.

3. If found. delete obj from the buffer.

4. Otherwise. copy_obj_from_disk(block_spec),
goto 3.

Collision Detection (vehicle)

1. Foreachofthe four corners, getis block number
{(bl, b2, b3, b4).

2. For each block located within the rectangle
enclosed by b/, b2, b3, and b4, search for the
buffer list for the block.

3. If found, for each obj in the buffer, if box_over-
lap(vehicle- > box, obj->box) is true, report
obj.

4. Otherwise, copy._ obj_from_disk(obj_block -
spec). goto 3.

(%)

The function copy_obj_from disk manages buffering.
[t reads the disk block containing specified object into
main memory buffers. It also implements buffer replace-
ment policy and buffer allocation policy.

6.6 Experiment design

The experiments were conducted on a Sequent machine
under DYNIX(R) V3.0.17.9. The R-tree, SGF and
MoBiLe algorithms were implemented from the scratch
using C language. The R-tree SplitNode algorithmimple-
mented was the LinearSplit version. Insert. Delete, and
Search were fully implemented. The simulation worlds
were created using a window-based picture creation tool,
FIG. whose output was translated to FIG file via the
UNIX utility 'f 2p". Three worlds were created, contain-
ing different number of objects and different population

distribution. The worlds are composed of uniformly -

distributed buildings as shown in Fig. 5.
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Fig. 5. Buildings in centralized world (uniform distribution
approximation).

Adrive program reads the FIG data file and called the
three access methods to create the initial data structure
correspondingly and do the ‘move object’ and “collision
detection’ operation according to the instructions read
from an operation specification script, which is the same
to all trials under different data sets. The times each
‘insert’, 'delete’and search’ being called are recorded and
updated in an experiment data file. The collected data is
then used to compute the disk access cost according to
the cost model presented in the previous section.

Candidates for comparison are MoBiLe file, R-tree
and Simple Grid File. MoBiLe file used mapping func-
tion F12 to approximate population distribution for
centralized population and F1}3 for bimodal distribu-
tions to map geographic location to disk addresses.
MoBiL.e file used one overflow track to account for the
error due to approximation of population distribution.
We allocated a square-shaped area on disk to the
MoBiLe file. :

We used R-tree access method and insert, delete,
search, and linear split operation as described in Ref. 7.
The branching factor of R-tree was determined by disk
block size and number of bytes needed to store each
object. We experimented with 2 R-trees with branching
factorsof 32and 128. The disk accesses were counted for
each of the insert, delete and search operations to model
the cost of collision detection and motion.

Simple Grid File (SGF)"" was allocated disk blocks,
whose actual number is determined by the number of
objects in the driving world. A block may contain several
cells. The actual disk location of a block is determined by

. the index of the cell. That is, the geographical location of

an object determines which cell it is stored and also indi-
rectly determines which disk block it is stored. For a
moving object, its location in the disk needs to be updated
every time a movement occurs. The insert and delete
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operations both take two disk accesses (1 read. | write]
and search takes one disk access. If cells at the same row
are not in the same block. this access time needs to be
multiplied by the actual number of block access for the
cells: otherwise, only one unit of disk access 2 for insert,
delete: I for searchi is required.

The expected number of block access is determined
by the number of cells per block and the cell size (32 bytes
tn our experiment). Four cases were designed for our
experiments: case A. delta=v. block size = 1K. case B.
delta=v, block size=4K, case C. delta=v/2, block
size= 1K, case D. delta=v/2. block size = 4K. In case A
and B. since the vehicle size is the same as the cell size. for
each operation typically 4 cells are touched. For case C
and D. 9 cells are touched. In case A and B. the 4 cells are
divided into 2 rows. For each row, the probability of both
cells being in the same block is 3/4 ( 1K block contains <4
cellsi for case A.and 15/16 (4K block contains 16 cells)
for case B. In case C and D. the 9 cells are divided into 3
rows. For each row. the probability of all 3 cells being in
the same block is 1/2 and 7/8 respectively. This observa-
tionresulted in the following weight functions. The actual
time cost function for each operation needs to be
adjusted by multiplying the operation count with the
following weights. For case A, weight=(1/4)*{4*(1/
41+ 2*3/4)1=0-625. The weights for other cases are
0-34.0-5 and 0-37.

Parameters: Four parameters for the experiments
included disk block size, population size, population
distribution, and the number of moving vehicles. Disk
block size could take values of 1K or 4K. Chosen values
_ for populationssize include (- 1K, 0-2K. 1K and 4K. Popu-
lation distribution was either centralized or bimodal.
Centralized population was distributed within a geogra-
phically square area. Bimodal population was distributed
over two disjoint square-shaped area. Zero or 2 moving
vehicles in addition to the self vehicle were used for the
experiments. We allocated 32 bytes to store geographic
description of each object.

The parameters determined certain aspects of the
three access methods. For example, the branching factor
of the R-tree was determined by the block size and
number of bytes needed to store an object. Object size of
32 bytes vields branching factors of 32 and 128 for block
sizes of 1K and 4K respectively. The maximum branch-
ing of a node in an R-tree is set to the branching factor.
The minimum branching is set to 50% of the branching
factor.

Metric of comparison: We used disk access cost to
compare the performance of alternative access methods.
Collision detection on the self vehicle was used as the
benchmark task. The query ‘Find all the objects colliding
with the safety envelope of the self vehicle’ can be speci-
fied asasequence of SQL query — retrieve (object. name)

where box_overlap (self.saferv_envelope, object. box).
Subsequence queries provide different values for
self.safety envelope to reflect the motion of the self
vehicle. We processed the sequence of queries using each
access method. The number of disk blocks accessed by
the access method is used as the metric of comparison. eN
Observations and Analysis.

The number of disk access by the three access
methods are presented in Figs 6-11 composed of three
groups of bars. Each group has three bars representing
costs incurred by R-tree, Grid File and MoBiLe file in
processing a common operation. The first group of bars
represent the cost of attributed to motion processing for
updating locations of moving vehicles. The second group
of bars represent the cost attributed to collision detection
operation for determining the set of object colliding with
self vehicles. The last group of bars represent total cost of
processing collision detection in presence of moving

R-tree @ population discributionEE—
Grid File @ populaticn size: 94
MoBiLe File @ number of moving obj: 2
disk block size: 1k
866
798
67
Rig
6268 2%
1 E v
move collision total

detection cost

Fig. 6. Dataset 1.
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Fig. 7. Dataset 2.
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Fig. 9. Dataset 4.

vehicles. Each bar chart shows the values of four para-
meters: population size, population distribution, disk
block size and number of moving vehicles.

The figures are grouped to show relative performance
of three access methods, and the effects of population
size. population distribution, disk block size and number
of moving vehicles on relative performance.

Relarive performance: The total cost incurred by
MoBilLe file is an order of magnitude less than the cost
incurred by R-tree or Grid file. This trend is apparent in
all the six data sets. The effectiveness of MoBiLe files can
be understood from the following interpretation. Typi-
callyvehicle area maps to one disk block. leadingto 1 disk
access to answer the query. The cost of entire motion

disk A
access R-tree @ population dismbuu0$“$'
e crarie [ population size: 188
@ number of moving obj: 2
MoBile File
e disk block size: Ik
1000
858
67
38
®
I?D VT
cost

Fig. 10. Dataset 3.
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1 IB number of moving obj: 2
MoBiLe disk block size: &

Fig. 11. Dataset 6.

query in MoBiLe access method depends on the number
of times vehicle crosses over a disk block boundary.
Near the crossover point, vehicle area overlaps with
more than 1 block (typically 2)leadingto extra disk reads.
Every crossover leads to writing the previous disk block
(ultimately) and reading the new disk block.

Effectof moving vehicles: The effect of moving vehicles
onrelative performance can be examined from any of the
six data sets by comparing the cost attributed to move
operation. MoBiL.e files access an order of magnitude
less number of disk blocks to process motion operations
relative to R-tree and Grid file. The cost of processing
collision detection query does not show such a marked
difference. .

Effect of population size can be analyzed from data sets
L. 3and 5 ordatasets 2, 4 and 6. Population size does not
change the relative performance of the three access
methods.
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Effect of population distribution can be analyzed from
comparing datasets 3 and 5 or comparing data sets 4 and
6. Population distribution does not change the relative
performance of three access methods. E ffect of disk block
size can be analyzed from data sets'] and 2.3 and 4, or 5
and 6. Relative performance does not change with disk
block size. MoBiLe file remains the winner, however
R-tree improves more than Grid files.

We notice that the time taken (disk accesses) to answer
spatial query of collision detection takes constant time in
SGF and MoBiLe File. It depends on the branching
factor and number of objects in R-tree. The number of
disk blocks accessed to move an object is again constant
for SGF and MoBiLe File, however it depends on the
branching factor and number of objects for R-tree. The
performance of SGF and R-tree is comparable. For the
case of grid-size being equal to the vehicle-size. SGF does
slightly better than R-tree. However for grid-size being
equal to half of the vehicle-size, it performs worse than
R-tree. MoBiLe file performs much better than both
Grid files and R-tree as it uses the information about
population distribution.

We have not compared storage and non-disk access
computation time explicitly. During our simulation, we
noticed that R-tree took very long to execute and SGF
leads to very large swap space. MoBiLe Files lead to
execution without any of these problems. We estimate
that MoBiL e File uses as little space as R-tree and as little
compuation time as SGF.

7 CONCLUSION AND FUTURE WORK

We have provided a representation of transportation
data which is semantically rich in capturing the needs for

the driver, traffic controller and researchers. Abstract
data types and rules are created using Postgres’ type
definition and rule definition facilities.

A new spatial access method called MoBiLe Files was
created to enhance the geographical data access in a
[VHS database application. MoBiLe Files maps from
objects’ geographical location to the appropriate disk
location. Since the mapping function takes into account
the population density in the traffic dorain. it drastically
improves the performance of the database while reduc-
ing the disk usage.

We compared the performance of the proposed access
method with Grid file, and R-tree to process collision
detection query ona moving object. MoBiLe Files seems
to perform best in terms of number of disk accesses. In
presence of motion, MoBiLe files accessed an order of
magnitude less number of disk blocks than traditional
methods. '

The performance of the database system and the
MoBiL e Files access methods needs to be evaluated with
real data. Our next step of work is to realize the schema
using the Postgres DBMS. The MoBilLe Files access
method will be integrated into the system and perform-
ance evaluation in a database system will be collected.
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APPENDIX: RELATION TABLES

relation name = vehicle

id name type box safety_envelope
carl DSY691 box bx1 bx51
truckl CND123 box bx2 bx52
self LV2PLAY box bx3 bx53
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relation name = building

id name business box use-hrs
bll EE/CSci academic b10 800-1730
b2l Norris school bll 900-1800
bi3 Radisson hotel b12 800-2200
b4 MinDoT office bi3 900-1700
bls UofM Hospital medical b14 800-2000
bl6 CampusPolice police b15 24hrs.
bl7 Rosedale Mall shop bl6 900-2100
bl8 Fina#126 gasstation b17 24hrs.
bl9 Parking#55 park’g b18 700-1800
b20 Metrodome stadium b19 game-schedule
b21 Convention Ctr stadium b20 event-schedule
relation name = traffic_sign
id name type location
tsl signal point p21
ts2 stopl point p22
ts3 signal2 point p23
relation name = traffic_area
id name typé box
til rochester box bx21
2 eastbank box bx22
t3 UofM box bx23
ti4 Mississippi path bx24
us - Mpls Dntn box bx25
t16 MPLS campus UMN box bx26
relation name = traffic_location
id name point description
tl Washington& UniversitySE p31 intersection
t12 280&University p32 freeway_entrance




An intelligent vehicle highway information management system

relation name = sensor

197

d type class location | nebors | occupancyNow | lame | road
sl point camera pl s2 20 1 rl
s2 point camera p2 sl,s3 30 1 rl
s3 peint infrared p3 s2 S 1 rl
relation name = road
id name path #lanes
rl Washington Av. SE Isegl 2
r2 Washington Av. S path2- 2
r3 University Av. SE path3 2
relation name = bridge
id name type Iseg roadseg river
brl Washington-Av Iseg Is10 rl Mississippi
relation name = construction
id name entity schedule
cl repair 3 ("Jan 1 12:31:00 1991", "Dec 10 1:00:00 1991"]
c2 create b19 ("June 1 8:30:00 1990", "June 1 12:00:00 1991"]
relation name = congéstion
id type
cgl event
relation name = collision
id type
col event
type name = event
tid time location participants
el ("May 5 1991", "May 6 1991"] 11 Mr. A,Ms. B
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